de Morree HM, Klein C, Marcora SM. Cortical substrates of the effects of caffeine and time-on-task on perception of effort. J Appl Physiol 117: 1514 -1523 , 2014 . First published October 23, 2014 doi:10.1152/japplphysiol.00898.2013.-Caffeine intake results in a decrease in perception of effort, but the cortical substrates of this perceptual effect of caffeine are unknown. The aim of this randomized counterbalanced double-blind crossover study was to investigate the effect of caffeine on the motor-related cortical potential (MRCP) and its relationship with rating of perceived effort (RPE). We also investigated whether MRCP is associated with the increase in RPE occurring over time during submaximal exercise. Twelve healthy female volunteers performed 100 intermittent isometric knee extensions at 61 Ϯ 5% of their maximal torque 1.5 h after either caffeine (6 mg/kg) or placebo ingestion, while RPE, vastus lateralis electromyogram (EMG), and MRCP were recorded. RPE and MRCP amplitude at the vertex during the first contraction epoch (0 -1 s) were significantly lower after caffeine ingestion compared with placebo (P Ͻ 0.05) and were significantly higher during the second half of the submaximal intermittent isometric knee-extension protocol compared with the first half (P Ͻ 0.05). No significant effects of caffeine and time-on-task were found for EMG amplitude and submaximal force output variables. The covariation between MRCP and RPE across both caffeine and time-on-task (r 10 ϭ Ϫ0.335, P Ͻ 0.05) provides evidence in favor of the theory that perception of effort arises from neurocognitive processing of corollary discharges from premotor and motor areas of the cortex. Caffeine seems to reduce perception of effort through a reduction in the activity of cortical premotor and motor areas necessary to produce a submaximal force, and time-ontask has the opposite effect.
caffeine; electroencephalography; exercise; fatigue; perceived exertion PERCEPTION OF EFFORT is the conscious sensation of how hard, heavy, and strenuous a physical task is (7, 39) . It has repeatedly been shown that caffeine intake results in a decrease in perception of effort during subsequent exercise, which could explain the ergogenic effects of caffeine (15, 18, 52) . In a meta-analysis on this topic, including studies on constantworkload whole body exercise, it was concluded that caffeine intake causes a reduction in rating of perceived exertion (RPE) of almost 6% compared with placebo (18) . Moreover, studies investigating the effects of caffeine on perceived exertion during resistance exercise have found that individuals can perform more repetitions for the same RPE after caffeine ingestion compared with placebo (3, 24, 31, 58) . Despite the widespread use of caffeine to improve exercise performance, the cortical changes underlying this improvement are currently unknown. The aim of the present study was therefore to investigate the cortical substrates of the caffeine-induced reduction in perception of effort.
It has been proposed that the sensory signals for perception of effort are the corollary discharges from premotor and motor areas of the cortex associated with voluntary muscle contractions (21, 40) . Therefore, a possible explanation for the caffeine-induced reduction in perception of effort is the attenuation of activity of these cortical areas. The activity of premotor and motor areas of the cortex is reflected in the amplitude of the motor-related cortical potential (MRCP). The MRCP can be measured by averaging EEG activity time-locked to the onset of voluntary muscle contractions (48) . There is a general consensus that the main generators of the MRCP are the presupplementary motor area, the supplementary motor area, the premotor cortex, and the primary motor cortex (13, 17, 33, 48, 53) . Therefore, MRCP amplitude provides a noninvasive neurophysiological measure of the activity of various premotor and motor areas of the cortex.
As originally suggested by Enoka and Stuart (21), we have recently investigated the relationship between MRCP amplitude and perception of effort during exercise (16) . We have shown that MRCP amplitude at the vertex (Cz) during muscle contraction correlates with rating of perceived effort during weight-lifting exercise. The present study was designed to measure MRCP amplitude and its association with perception of effort during exercise after caffeine ingestion compared with a placebo condition. We hypothesized that the expected reduction in RPE after caffeine ingestion would be associated with a reduction in MRCP amplitude at Cz during muscle contraction.
An increase in perception of effort over time is often observed during prolonged exercise (32, 45, 46, 49, 50) and this is considered a main feature of fatigue (21, 41) . Therefore, we also investigated the effects of time-on-task on perception of effort and MRCP amplitude during muscle contraction. We hypothesized that RPE and MRCP amplitude at Cz during muscle contraction would increase with time-on-task in both conditions (caffeine and placebo).
METHODS
Ethical approval. All participants gave written informed consent prior to testing. Experimental procedures were approved by the ethics committees of the School of Sport, Health, and Exercise Sciences and the School of Psychology of Bangor University and conformed to the standards set by the Declaration of Helsinki.
Participants. We tested 15 recreationally active female volunteers. The data of 3 participants were excluded because of excessive interference from skin potentials caused by perspiration, which significantly reduced the quality of the EEG data (leading to less than 60% of trials being retained for analysis following artefact rejection). We therefore present the data of 12 participants (age, mean 21 Ϯ SD 5 yr, height 166 Ϯ 7 cm, weight 67 Ϯ 11 kg). According to the medical questionnaires, participants had no known neurological or psychiatric disorders. From their reported intake of caffeine-containing food and beverages, we calculated that our participants had an average daily dietary caffeine intake of 108 Ϯ 106 mg, which was accounted for mainly by coffee and tea consumption. All participants were nonsmokers. Four of them took oral contraceptives and one used a NuvaRing. Participants were given monetary compensation for taking part in the study.
Familiarization session. The volunteers visited the laboratory on three occasions. The first visit was a familiarization session. During this visit, we explained the procedures, and participants gave written informed consent. They then completed the revised Waterloo Footedness Questionnaire (20) . This questionnaire contains 10 items. Half of the questions are on foot preference for manipulating or mobilizing activities (such as kicking a ball or pushing a shovel into the ground) and the other half are on foot preference for stabilizing activities (such as balancing or hopping on one foot). Each question may be answered with "left always," "left usually," "equal," "right usually," or "right always." Scores can range from Ϫ20 to 20, with negative scores indicating left footedness and positive scores indicating right footedness. Participants also filled out questionnaires about their habitual caffeine consumption, medical background, and physical activity levels, and we measured their height and weight.
Next, we provided them with standardized instructions about a modified CR10 scale for rating of perceived effort (7) . This scale ranges from 0 (no effort at all) to 10 ("maximal" effort), and includes standard verbal anchors of perception of effort, such as light, moderate, and hard (heavy), for intermediate values. We defined perceived effort to the participants as the conscious sensation of how hard they had to drive their leg to achieve the target force (27) , and we emphasized that the rating should be based exclusively on perceived effort and not on pain or discomfort.
Participants then sat down on a custom-built isometric leg-extension table (for details, see torque recording section). Participants completed a protocol to determine the isometric maximal voluntary contraction (MVC) torque of their right knee-extensor muscles. After three warm-up and familiarization trials (5 s at 25, 50, and 75% of maximal effort, separated by 1 min rest), we asked them to contract their right knee-extensor muscles as fast and as strongly as possible and to sustain the force for 5 s. This was repeated until there was no further increase in maximal torque. Rest periods of 2 min were observed between MVC trials and strong verbal encouragement was provided during the trials. The trial with the highest torque was recorded as the MVC. When the MVC was reached, we established the high anchor (10 ϭ maximal effort) of the RPE scale, which would be used as an anchor for the remainder of the study. In subsequent sessions, participants were allowed to rate any number above 10, if they felt the effort was higher than the maximal effort experienced during the preliminary test.
Next, participants practiced the submaximal isometric knee-extension protocol for the experimental sessions. A representation of a thermometer with a yellow target line was presented on the otherwise black screen of the feedback PC. Before starting the experiment, we have conducted a pilot study to establish the percentage of MVC that participants were generally able to repeat 100 times without excessive effort and related reactions that would lead to artefacts in the EEG (such as movement artefacts, facial muscle contractions, perspiration). Taking this percentage as a starting point, we established the target as a percentage of MVC during the familiarization session for each individual participant (either 65% MVC or 60% MVC). Once the absolute individual target level was established it was used for the remainder of the study. Participants received instant feedback about the torque they were producing by means of a red bar moving toward the target line. They were asked to fixate their gaze on the target line while producing enough torque for the red bar to reach it. E-Prime 1.2 (Psychology Software Tools, Sharpsburg, PA) was used to present the rhythm for the submaximal isometric contractions of the knee-extensor muscles. Beeps were presented at a rate of 1·s Ϫ1 . Rest periods were indicated by six low tone beeps and the muscle contraction periods were indicated by two high tone beeps. The task was to reach the target line on the sound of the first high beep and to drop the force on the sound of the next low beep. Participants were instructed to use the beeps to keep a regular pace and not to wait for the beeps to respond to. This resulted in muscle contractions of ϳ2.5 s duration, with 5.5 s rest in between. After every 10 muscle contractions, there was a 10-s break during which participants looked at the RPE scale that was placed below the feedback screen and rated their effort for the preceding 10 contractions. Participants were required to perform four sets of 10 muscle contractions to familiarize with the protocol.
Experimental sessions. The first of the two experimental sessions took place at least 48 h after the familiarization session. The two experimental sessions were scheduled at the same time of day, the same day of the week, exactly 1 wk apart. The study had a randomized, counterbalanced, crossover design. Envelopes with caffeine and placebo capsules were prepared by an investigator who was not present during the tests, and the capsules were administered in a double-blind fashion. In the placebo condition, participants were given one or two unflavored, transparent hypromellose capsules (Vcaps, Myprotein) containing 12 mg/kg body weight of dried milk. In the caffeine condition, participants were given the same number of capsules containing 6 mg/kg body weight pure caffeine powder (Myprotein) mixed with the same amount of dried milk to ensure a similar color between the two conditions. Participants swallowed the capsules with water. We used deception to enhance the expectancy of the participants about the placebo trial, because we were concerned that the fact that most people know about, and would recognize, the (side) effects of caffeine could interfere with the effectiveness of the placebo treatment. We told the participants that in one session they would receive caffeine and in the other session they would receive taurine. We told the participants that taurine has similar ergogenic effects to caffeine, but that it has fewer side effects. All participants were debriefed about the true purpose of the study at the end of all the tests.
After capsule administration, the participants sat down on a chair inside the Faraday cage where we placed the EEG electrodes. Minimally 45 min after capsule ingestion, we measured resting heart rate and resting blood pressure, and participants filled out seven visual analog scales (relaxed, alert, jittery, tired, tense, headache, and overall mood) to measure to what extent participants experienced any (adverse) effects of the caffeine administration (28, 47) . Participants rated each item by making a mark on a 100-mm line with "not at all" on the left hand side and "extremely" on the right hand side, with the exception of the scale for overall mood, which was labeled "very bad" to "very good." Subsequently, participants moved to the knee-extension table where they started with a warm-up (5 s at 25, 50, and 75% of maximal effort, separated by 1 min rest) and two MVCs (5 s each with 1 min rest in between). After the MVCs, we took a 5-l sample of whole fresh blood from the right earlobe, which was analyzed for blood lactate concentration using a portable analyzer (Lactate Pro LT-1710, Arkray, Shiga, Japan). Next, the submaximal isometric knee-extension protocol was started. Procedures were as described for the familiarization, except that this time the participants performed 10 sets of 10 muscle contractions. The 100 submaximal isometric contractions of the knee-extensor muscles lasted 15 min in total. The absolute individual target torque was the same for the caffeine and the placebo condition. Participants rated their RPE for the preceding 10 contractions after every set of 10 muscle contractions, and at the same time, heart rate was recorded. Immediately after the protocol, a capillary blood sample was collected and analyzed for lactate concentration, and participants performed two MVCs.
All participants were given written instructions to avoid intense exercise and any alcohol consumption, to maintain their usual diet, and to drink 40 ml of water per kilogram body weight during the 24 h preceding the experimental sessions. Moreover, they were asked to have a good night's sleep (at least 7 h) prior to the tests and they were instructed to have a light meal about 2 h before the tests. Participants were specifically instructed to keep their diet as similar as possible in the 24 h preceding the two experimental sessions. Furthermore, to avoid withdrawal effects and to account for differences in habitual caffeine intake, participants were instructed to maintain their habitual caffeine consumption throughout the entire testing period, making sure that the amount of caffeine consumed at the day of testing was equal before both experimental sessions.
Torque recording. Participants sat with their right leg in an aluminum modular brace (MB3, OT Bioelettronica, Torino, Italy) that was fixed to the table. Knee-extensor torque around the medial-lateral (epicondylar) axis was measured with two torque transducers (TR11, CCT Transducers, Torino, Italy; range 200 N·m) housed in the aluminum frame (one on the lateral arm and one on the medial arm of the brace). The torque transducers were connected to a two-channel biomechanical signal amplifier (MISO II, OT Bioelettronica; bandwidth 0 -60 Hz, 5th-order Bessel low-pass filter). The signals were fed into a 12-bit acquisition board (DAQCard-6024E, National Instruments, Austin, TX) at a sampling rate of 2,048 Hz, displayed on a PC, and recorded for offline analysis. At the same time, the signal from one of the torque transducers was sent via a RS232 serial connection from the amplifier to a second PC running custom-made software that provided instant feedback to the participants about the torque they were producing.
Back supports were added until the lateral epicondyle was aligned with the center of the lateral torque transducer and the length of the lever was adjusted so that its pad was positioned just proximal to the ankle joint. Straps were tightened around the thigh to keep the leg from moving, and a harness was used to prevent upper body movements. During exercise, participants crossed their arms and held on to the straps of the harness. The left leg was hanging freely next to the brace. All settings of the knee-extension table were recorded during the familiarization session and reproduced during the subsequent sessions. The knee-extension table was used for the submaximal protocol as well as for the maximal contractions, so that there was no need for the participants to move between the different parts of the test.
Electrophysiological recording. To minimize distraction and electrical noise, the experiment took place inside a Faraday cage. The EEG was recorded over both hemispheres from 59 Ag/AgCl sintered ring electrodes, using Abralyt high-chloride (10%) abrasive electrolyte gel (EasyCap, Herrsching, Germany) as a conducting agent. The same gel was used to abrade the skin under the electrodes. We used isopropyl alcohol to clean the skin underlying the facial electrodes. An elastic cap with a chest strap (EasyCap) was used to place the electrodes in the standard 10 -10 positions (2). Two infraorbital electrodes (IO1 and IO2) were located about 2 cm vertically below each eye. All channels were referenced to a reference electrode positioned at Cz, and an electrode positioned at FPz served as ground. Electrode impedances were kept below 5 k⍀. The EEG was recorded at 2,500 Hz with two DC amplifiers (BrainAmp DC, Brain Products, Gilching, Germany; bandwidth DC-1,000 Hz, 16 bit A/D converter), and data were recorded using Brain Vision Recorder 1.03 (Brain Products, Gilching, Germany).
Two unipolar surface EMG signals were recorded from the right vastus lateralis muscle. The electrodes and amplifiers used for the EMG recording were the same as described for the EEG recording.
Electrodes were placed at 2/3 of the line from the anterior spina iliaca superior to the lateral side of the patella in the direction of the muscle fibers, following the SENIAM recommendations (29) . Before placing the electrodes, we cleaned the skin with alcohol swabs and abraded it with abrasive paste. We dried the skin before we placed the Ag/AgCl sintered ring electrodes, which were snapped into plastic adapters that were mounted directly onto the skin with washers. The same gel as described for the EEG recording was used as a conducting agent.
Data analysis. Data were analyzed with Brain Vision Analyzer 2.0.1 (Brain Products, Gilching, Germany), using a similar approach to the one used in our previous study (16) . EEG data were filtered with a 0.05-to 5-Hz, 24-dB per octave bandpass filter and EMG data were filtered with a 20-to 400-Hz, 24-dB per octave bandpass filter. Correction of eye blinks and eye movements was accomplished separately for each participant by subjecting the EEG data to independent component analysis (34) , identifying components related to these artifacts by their topography and shape, and removing them from the data. EEG data were re-referenced offline to the average reference, and the EMG signals were converted into a bipolar, singledifferential signal. EMG onset was determined for each trial by visual inspection. Subsequently, EEG data were segmented from 2 s before until 4 s after EMG onset. All trials were visually inspected and trials containing any residual artifacts were excluded from further analyses. Furthermore, individual EMG traces were visually inspected to ensure that the contractions were performed correctly. If not, also these trials were excluded from further analysis. On average, 71 Ϯ 7% (range: 60 -86%) of the trials were retained after these artifact rejection procedures. Trials were then baseline corrected, by subtracting the average voltage of the baseline period Ϫ2 to Ϫ1.5 s from the signal. This baseline period was selected to stay well clear from the start of the MRCP, while at the same time making sure that no remaining activity of the previous contraction was still on-going. Subsequently, mean amplitudes were calculated for four epochs: readiness potential (Ϫ1.5-0 s), muscle contraction (0 -1 s), muscle contraction (1-2 s), and recovery (3-4 s), for each individual over the first half (0 -7.5 min) and the second half (7.5-15 min) of the submaximal isometric knee-extension protocol. These MRCP amplitudes were used for statistical analysis. Grand averages were obtained by averaging the waveforms of all participants within the conditions and within the exercise halves.
EMG data and torque data were analyzed using Matlab 7.1 (The Mathworks, Natick, MA). The torque signals of the two transducers were added up to one total torque signal. The onset and offset of the muscle contractions were determined automatically based on the positive and negative peaks in the (low pass filtered) second differential of the torque signal. Average torque for MVC trials and submaximal trials was calculated from the onset to the offset of the contraction. MVC torque was recorded as the highest average torque during the MVC trials. Rate of torque development (RTD) was calculated for each submaximal trial as the average slope of the torque-time curve (⌬torque/⌬time) over the time interval 0 -200 ms, relative to the onset of the contraction (1). Torque and RTD during the submaximal trials were averaged over the first half and the second half of the submaximal isometric knee-extension protocol for both conditions separately. Root mean square (RMS) values were calculated for the EMG signals of the MVC trials and the submaximal trials from the onset to the offset of the EMG burst. For this purpose, onset and offset were determined automatically by determining the timing of the positive and negative peaks in the second differential (low pass filtered at 0.25 Hz) of the linear envelope of the EMG signal (rectified and low pass filtered at 0.5 Hz). The resulting values were averaged over the first half and the second half of the submaximal isometric knee-extension protocol. Despite several limitations, measures of surface EMG amplitude like RMS are considered useful measures of muscle activation (22) .
Statistical analysis. Unless noted otherwise, data are presented as means Ϯ SD. Blood lactate concentration, MVC torque, and EMG amplitude during MVC were analyzed using multiple univariate two-way fully repeated-measures ANOVAs with factors caffeine (caffeine vs. placebo) and test (pre-vs. post-submaximal isometric knee-extension protocol). Torque, RTD, contraction duration, heart rate, RPE, and EMG amplitude during the submaximal isometric knee-extension protocol were analyzed using multiple univariate twoway fully repeated-measures ANOVAs with factors caffeine (caffeine vs. placebo) and time-on-task (first half vs. second half).
We selected five representative electrodes for the statistical analysis of the EEG data, based on the topographical maps of the signals of all the electrodes. These maps showed a negative-going potential centered around the vertex of the scalp. We therefore selected electrodes Fz, Cz, Pz, C1, and C2 for statistical analysis. MRCP amplitude data were analyzed using a four-way fully repeated-measures ANOVA with factors electrode (Fz, Cz, Pz, C1, and C2), epoch (readiness potential, muscle contraction 0 -1 s, muscle contraction 1-2 s, recovery), caffeine, and time-on-task. Significant three-way interactions were followed-up by two-way fully repeated-measures ANOVAs. Significant two-way interactions were followed-up using the Holm-Bonferroni method (31) . The Greenhouse-Geisser correction was applied when the assumption of sphericity was violated. In those cases, the uncorrected degrees of freedom, epsilon values, and corrected probability levels are reported.
Based on our previous finding of a significant correlation between RPE and MRCP amplitude at Cz during the first 1,000 ms of muscle contraction (16), we decided to also perform planned comparisons to directly test our two hypotheses that MRCP amplitude during muscle contraction would be lower after caffeine intake and that it would increase with time-on-task. Paired t-tests were used to test the effects of caffeine and time-on-task on MRCP amplitude at Cz for the first muscle contraction epoch (0 -1 s). This approach significantly reduces the chances of committing a Type II error compared with the explorative multifactorial ANOVAs described above.
A within-subjects correlation coefficient (r) was computed for the correlation between RPE and MRCP amplitude at Cz during the first 1,000 ms of muscle contraction, using the method described by Bland and Altman (6) . This method adjusts for repeated observations within participants, by using multiple regression with "participant" treated as a categorical factor using dummy variables.
When comparing two means, paired t-tests were used. Effect sizes are reported as partial eta squared ( p 2 ). Thresholds for small, moderate, large, and very large effect sizes were set at 0.01, 0.08, 0.26, and 0.50, respectively. Significance was set at 0.05 (2-tailed) for all analyses, except when multiple t-tests were applied. In those cases, we used the Holm-Bonferroni correction to judge significance (30) . All statistical tests were conducted using the Statistical Package for the Social Sciences 14 (SPSS, Chicago, IL).
RESULTS

Manipulation checks.
The Waterloo Footedness Questionnaire scores (13 Ϯ 4) indicated that all participants were right footed. The familiarization MVC was on average 185 Ϯ 41 N·m. Temperature and humidity in the Faraday cage were on average 19 Ϯ 2°C and 61 Ϯ 6%, respectively, and these values were not significantly different between conditions. In the caffeine condition, participants were given 404 Ϯ 66 mg of caffeine. The time between the capsule administration and the start of the submaximal isometric knee-extension protocol was on average 94 Ϯ 13 min.
We did not find significant differences between the caffeine and the placebo condition for any of the visual analog scales measured before starting the submaximal protocol, which indicates that participants did not experience adverse effects of caffeine at the time of testing. The caffeine supplementation did not significantly affect resting heart rate, but there were trends for the systolic and diastolic blood pressure to be higher in the caffeine condition than in the placebo condition (systolic: caffeine 110 Ϯ 8, placebo 105 Ϯ 7 mmHg; P ϭ 0.053; diastolic: caffeine 66 Ϯ 9, placebo 62 Ϯ 6 mmHg; P ϭ 0.062).
Variables measured before and after the submaximal isometric knee-extension protocol. To check whether fatigue had developed during the submaximal isometric knee-extension protocol, we tested if blood lactate concentration, knee-extensor MVC, and EMG amplitude during MVC were significantly different after the protocol compared with before the protocol. The results are presented in Tables 1 and 2 . There was a small but significant effect of caffeine on blood lactate concentration, with blood lactate concentration being slightly higher in the caffeine condition compared with placebo. There was also a small but significant effect of test on blood lactate concentration, with blood lactate concentration being slightly lower after the submaximal isometric knee-extension protocol compared with before. For knee-extensor MVC there was no main effect of test, nor was there a caffeine ϫ test interaction. This demonstrates that no muscle fatigue developed during the submaximal isometric knee-extension protocol. However, MVC was significantly higher in the caffeine condition compared with placebo. This increase in MVC with caffeine was accompanied by a significant increase in EMG amplitude (RMS) during MVC.
Variables measured during the submaximal isometric kneeextension protocol. Average torque, RTD, contraction duration, and vastus lateralis RMS during the submaximal isometric knee-extension protocol, for the caffeine condition and the placebo condition and the first half (0 -7.5 min) and second half (7.5-15 min) of the protocol, are presented in Tables 3 and  4 . The muscle contractions were performed in a comparable way throughout the protocol in both conditions. There were no significant main effects of caffeine or time-on-task and no caffeine ϫ time-on-task interactions during the submaximal isometric knee-extension protocol for torque (Fig. 1) , RTD, contraction duration, or vastus lateralis EMG amplitude ( Fig. 2A) .
Heart rate increased significantly from the first half to the second half of the submaximal isometric knee-extension protocol, and there was a trend for heart rate to be lower in the caffeine condition compared with placebo (Tables 3 and 4) . There was no significant caffeine ϫ time-on-task interaction for heart rate. Rating of perceived effort ( Fig. 3 and Tables 3  and 4 ) was significantly lower in the caffeine condition com- pared with placebo, and in both conditions RPE increased significantly from the first half to the second half of the protocol. There was no caffeine ϫ time-on-task interaction for RPE.
Planned comparisons. Our planned comparisons showed significant effects of caffeine and time-on-task on MRCP amplitude at Cz (Fig. 2B and Table 5 ) for the first muscle contraction epoch, with MRCP amplitude being significantly lower during the caffeine condition compared with placebo (caffeine Ϫ12.1 Ϯ 6.5 V, placebo Ϫ16.2 Ϯ 5.4 V; t 11 ϭ 4.44, P ϭ 0.001, p 2 ϭ 0.64) and significantly higher for the second half compared with the first half of the submaximal isometric knee-extension protocol (first half Ϫ13.4 Ϯ 6.0 V, second half Ϫ14.9 Ϯ 5.6 V; t 11 ϭ 2.97, P ϭ 0.013, p 2 ϭ 0.45). A significant within-subjects correlation was found between RPE and average MRCP amplitude at Cz during the first muscle contraction epoch (r 10 ϭ Ϫ0.335, P ϭ 0.042).
Exploratory analysis. Our exploratory multifactorial ANOVA revealed a significant electrode ϫ epoch ϫ caffeine interaction (F 12,132 ϭ 3.03, ⑀ ϭ 0.31, P ϭ 0.031, p 2 ϭ 0.22). Post hoc epoch ϫ caffeine ANOVAs for each electrode revealed a significant effect of caffeine for Cz and Pz and a significant epoch ϫ caffeine interaction for Cz (Table 6 , Figs. 2B and 4) . Results of the follow-up t-tests for the epoch ϫ caffeine interaction are reported in Table 7 . These results show that caffeine caused a significant reduction in MRCP amplitude at electrode Cz during both muscle contraction phases. These follow-up tests also show that there were no significant effects of caffeine on MRCP amplitude during the readiness potential epoch or the recovery epoch.
We did not find a significant electrode ϫ epoch ϫ time-ontask interaction. We also did not find significant two-way interactions with time-on-task or a main effect of time-on-task. The only other significant three-way interaction we found was an epoch ϫ caffeine ϫ time-on-task interaction (F 3,33 ϭ 2.91, P ϭ 0.049, p 2 ϭ 0.21), but post hoc caffeine ϫ time-on-task ANOVAs for each epoch revealed no significant caffeine ϫ time-on-task interactions. There was no quadruple interaction for the electrode ϫ epoch ϫ caffeine ϫ time-on-task ANOVA.
DISCUSSION
The main aim of our study was to investigate the cortical substrates of the caffeine-induced reduction in perception of effort during subsequent exercise. Based on the cross-situational covariation we found in our previous study (16) , we hypothesized that perception of effort and MRCP amplitude at Cz during muscle contraction would both be lower after caffeine intake compared with placebo. We also hypothesized that perception of effort and MRCP amplitude at Cz during muscle contraction would increase with time-on-task in both conditions (caffeine and placebo). The experimental results confirmed our hypotheses and thus provide further evidence that MRCP amplitude at Cz during muscle contraction is a neural correlate of perception of effort.
Effects of caffeine on perception of effort and MRCP amplitude. We found that perception of effort during the submaximal isometric knee-extension protocol was significantly lower after caffeine ingestion compared with placebo (Fig. 3) . This finding was expected because previous resistance exercise studies have found that more repetitions can be performed for the same RPE after caffeine ingestion compared with placebo (3, 24, 31, 58) . However, to our knowledge, this is the first study to demonstrate a decrease in RPE for the same number of muscle contractions during resistance exercise.
Caffeine has previously been shown to delay the onset of the MRCP (5). However, to our knowledge, the present study is the first to show an effect of caffeine on MRCP amplitude. Fig. 3 . Rating of perceived effort for the first half (0 -7.5 min) and the second half (7.5-15 min) of the submaximal isometric knee-extension protocol in the caffeine and placebo condition. #Significant main effect of caffeine (P Ͻ 0.05). *Significant main effect of time-on-task (P Ͻ 0.01). Data are presented as means Ϯ SE (N ϭ 12). Data are presented as means Ϯ SD; N ϭ 12. MRCP, motor-related cortical potential. Indeed, as hypothesized on the basis of our previous study on the neural correlates of perception of effort (16), we found lower MRCP amplitude at Cz during muscle contraction in the caffeine condition compared with placebo ( Fig. 2B and Table  7 ). We argue that this effect of caffeine on MRCP reflects a reduction in the activity of premotor and motor areas of the cortex with consequent reduction in perception of effort. This argument is based on many studies showing that MRCP is generated by the presupplementary motor area, the supplementary motor area, the premotor cortex, and the primary motor cortex (17, 21, 37, 51, 57) . Although afferent feedback from the active muscles may affect MRCP amplitude during muscle contraction (8, 11) , our findings suggest that afferent feedback was not significantly reduced by caffeine intake. Force output variables were not significantly different between caffeine and placebo ( Fig. 1 and Tables 3 and 4) . This finding suggests that afferent feedback from Golgi tendon organs was not reduced by caffeine intake. The isometric nature of our submaximal knee-extension protocol and no significant effect of caffeine on EMG amplitude suggest that afferent feedback from muscle spindles was also not reduced by caffeine intake. Finally, the small but significant increase in blood lactate concentration induced by caffeine suggests if anything an increase, not a decrease, in afferent feedback from Group III-IV muscle afferents. Overall, these findings suggest that a reduction in the activity of premotor and motor areas of the cortex, not a reduction in afferent feedback, is the most likely explanation for the observed reduction in MRCP amplitude during muscle contraction after caffeine intake.
The most likely explanation for a reduction in MRCP amplitude during muscle contraction for an unchanged muscle activation and force output is increased CNS excitability at spinal and supraspinal level after caffeine intake (35, 52) . Although we did not measure spinal or supraspinal excitability in the present study, the significant increase in torque and EMG amplitude of the vastus lateralis during knee-extension MVC suggests a positive effect of caffeine on the CNS in our subjects. The average 5% increase in MVC torque in the caffeine condition compared with placebo in the present study is in agreement with the results of a meta-analysis on the effects of caffeine on muscle strength (57) . From a subgroup meta-analysis on 15 studies, it appeared that caffeine improved knee-extensor MVC strength by ϳ7% (57). The same metaanalysis explored the mechanisms causing the strength increase by separate meta-analyses on the effects of caffeine on volun- (35, 52) , it is plausible that less activity in premotor and motor areas of the cortex would be required to produce the same degree of muscle activation after caffeine ingestion. The positive effect of caffeine on primary motor cortex excitability (12) would reduce the magnitude of excitatory inputs from premotor areas necessary to produce the same primary motor cortex output. Similarly, less excitatory input from the primary motor cortex would be required to produce the same degree of muscle activation when caffeine increases spinal motoneuron excitability (55) . In both cases, caffeine would induce a reduction in the activity of premotor areas for the same degree of muscle activation as confirmed by our MRCP and EMG data. Lower activity in premotor areas is important because the corollary discharges underlying perception of effort are thought to originate from these cortical areas upstream of the primary motor cortex (10, 26, 36) . A recent study using repetitive transcranial magnetic stimulation to reduce primary motor cortex excitability provides experimental evidence to support this speculation (51) . In fact, the increased perception of effort observed in conditions of reduced primary motor cortex excitability was attributed to a compensatory increase in the activity of premotor areas of the cortex during a force-matching task.
Effects of time-on-task on perception of effort and MRCP amplitude. The significant increase in RPE over time during the submaximal isometric knee-extension protocol was expected based on previous studies showing that RPE increases with the number of submaximal muscle contractions performed at the same force level (32, 45, 46) . We also measured a significant effect of time-on-task on MRCP amplitude during muscle contraction. In fact, our planned comparison demonstrated that MRCP amplitude at Cz during the first muscle contraction epoch was significantly higher for the second half compared with the first half of the submaximal isometric knee-extension protocol (Fig. 2B) . Similar to the discussion about the effect of caffeine on MRCP, we argue that this effect of time-on-task on MRCP reflects an increase in the activity of premotor and motor areas of the cortex with consequent increase in perception of effort. The lack of significant differences in force output variables and EMG amplitude between the second half and the first half of the submaximal isometric knee-extension protocol (Figs. 1 and 2A, and Tables 3 and 4) together with the small but significant reduction in blood lactate concentration (not an increase) suggests that an increase in the activity of premotor and motor areas of the cortex over time, not an increase in afferent feedback, is the most likely explanation for the observed effect of time-on-task on MRCP amplitude during muscle contraction.
Although these findings support our hypothesis that increased activity of premotor and motor areas of the cortex contributes to the increase in RPE over time during prolonged exercise, they also raise some interesting questions. The first question is why the effect of time-on-task on RPE is larger than the effect of time-on-task on MRCP amplitude ( p 2 ϭ 0.60 vs. p 2 ϭ 0.45), especially compared with the effects of caffeine on RPE and MRCP amplitude. The second question is why MRCP amplitude increases over time despite there being no significant muscle fatigue.
With regards to the first question, increased activity of premotor and motor areas of the cortex (and related corollary discharges) cannot fully explain the increase in perception of effort we observed over time during the submaximal isometric knee-extension protocol. This is not surprising if we consider that the magnitude of sensory signals is only one factor determining perception. Neural processing of sensory signals, attentional focus, and other cognitive processes are also important determinants of perception (23) . Therefore, we speculate that time-on-task has significant effects on the complex neurocognitive processing of corollary discharges, and that these changes in neurocognitive processing contribute to the progressive increase in perception of effort observed during prolonged exercise. This proposal is supported by studies showing that time-on-task has significant effects on various aspects of attentional focus during cycling exercise to exhaustion (4), and that changes in attentional focus can affect RPE and exercise tolerance (37) . Future studies on the cortical substrates of perception of effort should develop novel methods to investigate changes in corollary discharges and their neurocognitive processing during ordinary endurance exercise activities, such as running and cycling (54) .
The second question raised by the findings of our study is why the increase over time in MRCP amplitude and perception of effort during the submaximal isometric knee-extension protocol occurred without significant muscle fatigue. In fact, we did not find an exercise-induced reduction in MVC torque, measured immediately after the submaximal isometric kneeextension protocol. The reasons why our protocol did not induce muscle fatigue are probably that there was enough recovery time (ϳ5.5 s) between muscle contractions, and that the muscle contractions were relatively short (ϳ2.5 s). Because no muscle fatigue occurred, the effects of time-on-task on RPE and MRCP amplitude during muscle contraction cannot simply reflect an increase in supraspinal drive to compensate for spinal and/or peripheral fatigue (21) . In addition to driving the motoneurons (motor function), the observed increase in the activity of premotor and motor areas of the cortex may reflect their cognitive, volitional, and affective functions. The presupplementary motor area and the supplementary motor area are thought to be crucial for linking cognition to action (25, 44) and their increased activity may reflect inhibition of the natural response to disengage from a demanding task (resource conservation principle) (9) . Furthermore, negative affect associated with prolonged exercise (19) may cause increased activity of the dorsomedial prefrontal cortex and left ventral premotor cortex (14) . Because the increase in perception of effort over time is considered an important factor that limits exercise tolerance (41) , further studies are necessary to understand the cognitive, volitional, and affective functions of premotor and motor areas and their role in generating perception of effort during prolonged exercise.
Central and reafferent corollary discharges. The results of the present study show that perception of effort and MRCP amplitude at Cz during the first muscle contraction epoch are concomitantly affected by caffeine as well as time-ontask and that they are significantly correlated. Together with our previous finding that perception of effort and MRCP amplitude are significantly correlated during dynamic elbow flexion exercise across a weight manipulation and a muscle fatigue manipulation (16) , this is correlative evidence in favor of the hypothesis that perception of effort arises from the neurocognitive processing of corollary discharges from premotor and motor areas of the cortex (21, 40) . These corollary discharges may be either central (confined within the brain) (42, 43) or reafferent (crossing the spinal cord and peripheral nervous system through the fusimotor loop and muscle spindles) (38) . Interestingly, contrary to our previous findings (16) , in the present study we found changes in MRCP amplitude without significant concomitant changes in EMG amplitude. In fact, EMG amplitude during the submaximal isometric knee-extension protocol was unaffected by caffeine and by time-on-task ( Fig. 2A) . Because coactivation of intrafusal and extrafusal fibers occurs during voluntary muscle contractions, constant EMG amplitude during the submaximal isometric knee-extension protocol implies that no significant changes in fusimotor activity (reafference) occurred with caffeine and time-on-task. Therefore, the effects of caffeine and time-on-task on perception of effort cannot be explained by reafferent corollary discharges. Furthermore, the localization of MRCP amplitude effects at Cz is consistent with activity of the presupplementary and supplementary motor areas, and these cortical areas are not activated by afferent feedback from skeletal muscles (56) . Overall, the results of the present study suggest that central corollary discharges contribute to perception of effort.
Conclusions. We found that caffeine reduces RPE and MRCP amplitude during muscle contraction without significant changes in muscle activation and force output. Moreover, perception of effort and MRCP amplitude during muscle contraction increased with time-on-task without significant muscle fatigue. RPE and MRCP amplitude at Cz during the first muscle contraction epoch were significantly correlated. These results confirm and extend our previous finding that MRCP amplitude at Cz during muscle contraction is a neural correlate of perception of effort (16) . Furthermore, our findings provide neurophysiological evidence that changes in activity of premotor and motor areas of the cortex during submaximal exercise can occur even without significant changes in muscle activation and force output. These cortical changes occur in the same direction as changes in perception of effort caused by caffeine and time-on-task. This cross-situational covariation between RPE and MRCP amplitude during muscle contraction provides correlative evidence in favor of the hypothesis that perception of effort arises from neurocognitive processing of corollary discharges from premotor and motor areas of the cortex. The fact that muscle activation during submaximal exercise was not affected by caffeine and time-on-task suggests that corollary discharges confined within the brain (central corollary discharges) contribute to perception of effort. Caffeine seems to reduce perception of effort through a reduction in the activity of premotor and motor areas of the cortex that is necessary to produce a certain force, and time-on-task appears to have the opposite effect.
